A search of sequence data bases for a tridecamer transcription termination signal, previously described in human mtDNA as being responsible for the accumulation of mitochondrial ribosomal RNAs (rRNAs) in excess over the rest of mitochondrial genes, has revealed that this termination
signal occurs in equivalent positions in a wide variety of organisms from protozoa to mammais. Due to the compact organiation of the mtDNA, the tridecamer motif usually appears as part of the 3' adjacent gene sequence. Because in phylogenetically widely separated organisms the mitochondrial genome has experienced many rearrangements, it is interesting that its occurrence near the 3' end of the large rRNA is independent ofthe adjacent gene. The tridecamer sequence has diverged in phylogenetically widely separated organisms. Nevertheless, a well-conserved heptamer-TGGCAGA, the mitochondrial rRNA termination box-can be defined. Although extending the experimental evidence of its role as a transcription termination signal in humans will be of great interest, its evolutionary conservation strongly suggests that mitochondrial rRNA transcription termination could be a widely conserved mechanism in animais. Furthermore, the conservation of a homologous tridecamer motif in one of the last 3' secondary loops of nonmitochondrial 23S-like rRNAs suggests that the role of the sequence has changed during mitochondrial evolution.
Animal mtDNA transcription has been investigated thus far mainly in mammalian cells. Promoters for transcription ofthe heavy and light strands are located in the displacement loop (D-loop) near the origin of replication (1) (2) (3) . The ribosomal RNAs (rRNAs) located adjacent to the promoter region are transcribed 15-100 times in excess of the rest of the mitochondrial genes. This difference in the abundance of mitochondrial transcripts is the consequence of transcription termination of the rRNAs. Precise mapping with nuclease S1 in humans shows that the ends ofthe transcript map inside the tRNAI.u(uuR) gene (4, 5) . A tridecamer sequence present in this tRNA, 5'-TGGCAGAGCCCGG-3', can function bidirectionally, directing human mitochondrial 16S rRNA formation in vitro (5, 6) , and a protein factor that specifically binds to this sequence has been purified (7, 8) . The relevance of the termination signal has been supported by recent findings that point mutations in this sequence are associated in humans to a neurological syndrome characterized by myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS), which may be a consequence ofthe impairment of mitochondrial transcription (9) . Here we show that this termination signal is a generally conserved motif in mtDNA across the animal kingdom and that it has evolved probably from a similar tridecamer motif present in a conserved secondary stem-loop at the 3' end of the 23S-like rRNA present in most prokaryotic and eukaryotic genomes.
The Termination Signal Is Conserved in Animal mtDNA
In all vertebrate mtDNA sequences now available in the European Molecular Biology Laboratory (EMBL) and GenBank data bases, the tridecamer sequence is conserved in the tRNALu(UuR) gene located 3' downstream adjacent to the 16S rRNA (Fig. 1) . The similar mitochondrial genomic organization in vertebrates (10, 11) and the fact that the sequence conservation in the tRNALeU(UUR) is very high (12) make it difficult to differentiate whether the conservation is due to evolutionary restrictions on this termination signal or to the tRNA structure itself. Therefore, we looked for the tridecamer sequence near the 3' end ofphylogenetically more distant organisms. For This interpretation is strengthened by data from echinoderm mtDNA analyses. When compared with other phyla, even more important rearrangements have occurred in the genome organization (16, 17) . In particular, 15 tRNA genes cluster in a region that contains the putative replication origin. No tRNA is located 3' downstream from the 16S rRNA. Instead, the gene encoding the COI maps in this region ofthe mtDNA. By using S1 nuclease-mapping analysis (18) , the 16S rRNA transcription has been reported to terminate 3-5 nt inside the COI gene. Fig. 1 shows that a heptamer sequence homologous to the mammalian tridecamer is also found at the 5' end of the COI gene. Interestingly, the termination motif is oriented in the opposite direction in Abbreviations: rRNA, ribosomal RNA; COI, cytochrome oxidase subunit I.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. echinoderms, in agreement with the finding that in mammalian mtDNA this motif can function bidirectionally (6) . Six out of the seven positions are identical to the conserved-box TGGCAGA, and beginning 5 nt inside the COI gene, this box appears in the exact position where the 16S rRNA transcript terminates in vivo.
Heptamer sequences potentially related to the termination signal were also found 3' downstream of the 16S rRNA genes of invertebrates listed in the EMBL and GenBank data bases (Fig. 1) , in spite of the significant rearrangements in their mtDNAs. Five positions of the heptamer were conserved in nematodes, 135 nt 3' downstream of the 16S rRNA inside the ND3 gene; six positions out of seven were conserved in mollusks, 46 nt 3' downstream ofthe 16S rRNA inside a large noncoding region. The only case in animal mtDNA where we have not found the heptamer sequence is in starfish mtDNA. Although the starfish belongs to the echinodermata, its mtDNA has major rearrangements compared with sea urchin mtDNA, and the 3' region of the 16S rRNA is not adjacent to the COI gene but is adjacent to a relatively long noncoding region. In any case, our search has been done with partial information because the complete sequence of Asterina pectinifera, although determined, is not yet available (19) .
The Termiation Signal Is Also Conserved in Protozoan mtDNA
Extension of the analysis to additional nonanimal mtDNA sequences available in current data bases was difficult given the complexity and size of the mtDNAs of protoctista (see ref. 20 for the definition of this group), plantae, and fungi. Protozoan mtDNA, although larger than animal mtDNA, is not as complex as those of plantae and fungi. The mitochondrial large rRNA gene (LSU rRNA) is discontinuous in mtDNA of these organisms, consisting of two different sequences, the 5' region a, -200 nt long, and the 3' region (3, -2300 nt long. In Paramecium tetraaurelia the tRNATYr is located 3' downstream of the LSU rRNA (21) . In Tetrahymena pyriformis the situation is more complex. (i) The ,B sequence is upstream from the a sequence, instead of being in the conventional 5' (a) 3' ( (3) In the large 23S-like rRNA subunit present in most nonanimal mitochondrial genomes, a tridecamer motif similar to the termination signal appears in a conserved secondarystructure stem-loop located at the 3' end ofthe molecule (Fig.  2) . This tridecamer exists in all the 23S-like rRNAs (except in animal 16S rRNAs) included in the secondary-structure rRNA data base (release 2.0; refs. 24 and 25). This data base includes a wide representation of large-subunit rRNAs from eubacteria (18) , archaebacteria (13), plastids (13), mitochondria (3), and eukarya (4). The conservation is quite noticeable, nging from 35% to 85% (Fig. 3) . For example, the relatively high conservation of the mammalian tridecamer termination sequence compared with the tridecamer present in the 3' secondary structure region of the E. coli 23S rRNA is shown in Fig. 2 . We also note that although animal 16S rRNA and other 23S-like rRNAs, including the prokaryotic 23S rRNA, can be folded in similar secondary-structure models (24, 25) symbiotic hypothesis of the origin of mitochondriae (26) , the absence of this element raises the interesting possibility that while present in the original 23S-like rRNA, it was lost during evolution as the animal mtDNA became more compact. Nevertheless, the tridecamer motif was maintained 3' downstream of the large rRNA subunit, where it has acquired another role as a transcription termination signal. In fact, the protozoa may represent an intermediate stage in this evolutionary trend, because for Tetrahymena, the 3' stem-loop secondary structure containing the tridecamer homologue in 23S-like rRNAs is still present in the LSU rRNA, but the conserved sequence has been lost, changing into the sequence AAAGTAGGTTT in the equivalent position of the stem-loop.
Conclusion
In summary, our search for the tridecamer transcription termination signal originally found in mammalian mtDNA has shown that a homologous sequence is present in equivalent positions in a wide variety of organisms, from protozoa to mammals, for which extensive mtDNA-sequence information exists. Although the tridecamer sequence has diverged in phylogenetically widely separated organisms, a wellconserved heptamer TGGCAGA, the mitochondrial rRNA termination box, can be defined. The probability of finding such a heptamer is 1 in every 16,000 nt-i.e., once in the standard animal mitochondrial genome. Thus, the strict conservation of the sequence and its position relative to the mitochondrial rRNA genes across such a wide phylogenetic variety of species strongly supports the significance ofits role as a transcription termination signal in human mtDNA.
